The musty-odor compounds (MOCs) 2-methylisoborneol (2-MIB) and geosmin in water samples were determined by a purge-and-trap method using a needle-type extraction device followed by gas chromatography-mass spectrometry. For the extraction of these compounds, a triple-layer-type extraction needle containing divinylbenzene and activated carbon particles as the particulate extraction media was introduced. Several experimental parameters, including the sample temperature during extraction, the addition of sodium chloride, and desorption conditions, were thoroughly optimized in this study. The detection limits for 2-MIB and geosmin were 1.0 and 0.5 ng L -1 , respectively. The method was successfully applied to the simultaneous determination of MOCs and other volatile organic compounds in tap-water samples.
Introduction
The musty-odor compounds (MOCs) 2-methylisoborneol (2-MIB) and geosmin are produced by actinomycetes bacteria and cyanobacteria. They have low volatility, but humans have extremely low odor thresholds to these compounds of a few ng L -1 levels. 1 Therefore, a method for the determination of low levels of these compounds in water samples should be developed. The Ministry of Health, Labour and Welfare (MHLW) Japan has established reference values for these compounds of 10 ng L -1 in tap water. This value is approximately 1000-fold lower than that of other volatile organic compounds (VOCs) regulated by MHLW; therefore, an extremely sensitive analytical method is required to ensure the determination of these compounds.
To determine MOCs in water samples by gas chromatographymass spectrometry (GC-MS), several analytical methods have been reported, such as headspace analysis, 2 stir-bar sorptive extraction, 3, 4 and solid-phase microextraction. [5] [6] [7] [8] [9] [10] [11] In these studies, MOCs were detected at approximately 1 ng L -1 , and satisfactory sensitivities were reported.
A needle-type extraction device is one of the effective sample-preparation methods for the analysis of VOCs. [12] [13] [14] This device contains sorbent particles in a specially designed stainless-steel needle, and gaseous samples are collected from the tip side of the needle. During sampling of gaseous samples, the analytes are extracted on the sorbent. The extracted analytes can be thermally desorbed in a heated GC injection port by direct insertion of the extraction needle into the injection port. 15, 16 Because this analytical technique does not require an additional desorption instrument and/or a cryogenic focusing process, the extraction of the VOCs by the needle-type extraction device can be regarded as being a simple and rapid sample preparation method. In addition, the extraction medium packed in the needle can be easily optimized for the target analytes, and several types of extraction needles have been developed for different purposes such as human breath analysis, [17] [18] [19] determination of very volatile organic compounds (VVOCs) 20 and indoor air analysis. 21 The determination of VOCs in aqueous samples by needletype extraction devices has also been reported. 14, 22 Our research group previously developed a purge-and-trap (PT) analysis of VOCs in aqueous samples using a needle-type extraction device. 23 In this study a triple-layer-type extraction needle packed with divinylbenzene (DVB) and activated carbon (AC) particles was used for the extraction of 23 VOCs. The limit of quantifications (LOQs) for the investigated VOCs ranged from 30 to 600 ng L -1 using the total ion monitoring (TIM) mode in GC-MS. 23 For the determination of trace MOCs using this PT method, however, further investigations and improvements are needed.
In this study, the above mentioned PT analysis using the needle-type extraction device was applied to the determination of MOCs in aqueous samples. Several analytical conditions including sample temperature, sample volume and extraction volume of the headspace gas were thoroughly optimized in this study.
The purge efficiencies, extraction recoveries and desorption efficiencies of the analytes were also investigated for both standard and tap-water samples in detail. Finally, the simultaneous extraction and determination of MOCs and VOCs in tap-water samples were investigated.
Experimental

Chemicals
Standard sample mixtures containing 2-MIB and geosmin (0.1 mg mL -1 each in methanol) and analytical-grade methanol were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Sodium chloride was obtained from Kanto Chemical Co., Inc. (Tokyo, Japan).
Needle-type extraction device
A blank stainless-steel needle (85 mm length, 0.5 mm i.d., and 0.7 mm o.d.) with a tip hole (Shinwa Chemical Industries, Kyoto, Japan) was employed in this study. As the extraction medium, three types of particulate sorbent (DVB, an AC-based sorbent (Shincarbon ST), and a carbon molecular sieve (CMS) sorbent) were packed into the needle. All of these extraction sorbents were obtained from Shinwa Chemical Industries. The sizes of the beads were 70 -80 mesh, corresponding to 150 -180 μm in diameter. The packing length of the DVB, Shincarbon ST and CMS were 15, 7, and 7 mm, respectively, based on our previous study. 23 A small amount of heat-resistant polymeric fibers consisting of Zylon filaments (Toyobo, Shiga, Japan) was packed at each end of the packed section to fix the packed sorbent.
GC measurements
GC-MS analysis was conducted using a JEOL JMSQ1000GCMk-II instrument (JEOL, Tokyo, Japan) and an HP-5 fused-silica capillary column, 30 m × 0.25 mm with a 0.25-μm thick film (J&W Scientific, Folsom, CA). All of the injections were performed using a split mode with a ratio of 5:1 or 2:1 and a split liner of 4.0 mm i.d, and the injector was maintained at 250 C. Helium was used as the carrier gas at a head pressure of 150 kPa. The GC-MS interface temperature and the ionization voltage were set to 250 C and 70 eV, respectively, and electron impact ionization was employed. The column temperature was initially maintained at 50 C for 1.5 min and programmed to heat up to 180 C at a rate of 15 C min -1 . The mass spectrometer was operated in either the TIM mode (m/z: 46 -250) or selected-ionmonitoring (SIM) mode (m/z: 95, 107, 111, and 112).
PT method for MOCs
PT sampling with the needle-type extraction device used in this study is illustrated in Fig. 1 . A 40 mL standard aqueous solution and a polytetrafluoroethylene-coated magnetic stir bar were placed in a 100-mL glass vial, and two silicon septa were attached in the plastic cap of the vial to insert the extraction needle and a stainless-steel needle supplying pure N2 gas as the purge gas. Then, 13.3 g of NaCl was added to the sample solution, and the solution was ultrasonicated for 1 min. To dissolve NaCl and also to maintain the solution temperature, the vial was immersed in a water bath at a constant temperature with mixing at 350 rpm by the stir-bar for 5 min.
An extraction needle attached with a vacuum sampling device (Komyo Rikagaku Kogyo, Tokyo, Japan) was inserted into the headspace of the vial, and a blank needle was inserted into the sample solution, as shown in Fig. 1 . A 200-mL portion of headspace gas was extracted by simply pulling the handle of the vacuum-sampling device, and N2 gas was continuously supplied from a gas-sampling bag (Smart Bag PA, GL Sciences, Tokyo, Japan) via the blank needle. The extraction time for this PT system was approximately 18 min. All of the extractions were performed with magnetic stirring.
After PT extraction, the extraction needle was drawn from the vial, and 50 mL of pure N2 gas was introduced into the extraction needle to remove excess water from the extraction sorbents. Finally, the extraction needle was attached to an injection syringe, 1.0 mL volume, containing 0.5 mL N2 gas, and inserted into a heated GC injection port. The extracted analytes were thermally desorbed and introduced into the column by the flow of N2 gas.
Results and Discussion
Development of a PT method for MOCs
First, standard aqueous solutions containing MOCs were analyzed using a similar PT method to the one developed in our previous study, 23 but optimized for the determination of 23 VOCs. The analytical conditions for this method are given in Table 1 . The LOQs used in this method were approximately 100 ng L -1 for both MOCs. It is clear that the sensitivity of the method should be increased by approximately 100 times for reliable determinations of MOCs.
The effect of the addition of NaCl into the aqueous sample was investigated, and is shown in Fig. 2 . With the addition of NaCl, the peak area of both compounds increased from 0 to 25%, and reached a plateau at more than 25%. A saturated concentration of NaCl is approximately 26.5% at 30 C. Based on this result, NaCl was added into the aqueous solutions at a concentration of 25%.
For sensitive determinations of MOCs, the detection method was changed to the SIM mode. Ions of m/z 95 and 107 for 2-MIB, and m/z 111 and 112 for geosmin were selected on the basis of the TIM measurement. Using the SIM measurement, LOQs of the analytes improved to approximately 10 ng L -1 , although further sensitivity might be needed.
The purging efficiency of the analytes from the sample solution was then investigated. The purging efficiency is defined as the recovery of the analytes from the aqueous sample in the first extraction. It is calculated as the percentage of the peak area of the first extraction to the total peak area (obtained as the sum of the peak areas from the first to fourth extractions). Only four extractions were used because the peak area obtained in the fifth extraction was less than 1% of the total peak area. The purge efficiencies of the analytes on sampling volumes of 100 and 200 mL of the headspace gas are given in Table 2 . The results clearly show improvements in the purge efficiencies for both analytes with 200 mL sampling. By further increasing the sampling volume, the sensitivity could be further increased, although the sampling time would also increase. Therefore, sampling volumes of 200 mL were chosen as the optimum volume in this study. Next, the sample volume was changed from 20 to 40 mL, and the split ratio was changed from 5:1 to 2:1. By increasing the sample volume, the purging efficiencies of the analytes were decreased by approximately 20%; however, the peak areas of the analytes were clearly increased. With these changes, the sensitivity improved by approximately 2.5-fold. Therefore, sample solutions of 40 mL and a split ratio of 2:1 were used in the following experiments.
The effect of the purge temperature for the purging efficiency was investigated, and is shown in Fig. 3 . The purging efficiencies for both compounds increased with the purge temperature. However, at purge temperatures of more than 40 C, extraction of the headspace gas became difficult. This is because more vapor is generated as the purge temperature increases, and condensation of this vapor in the extraction needle might have occurred. Therefore, the optimal purging temperature was determined to be 35 C.
Evaluation of the method
Based on the above optimization of the method, the LOQs and limit of detections (LODs) for 2-MIB and geosmin were clearly improved compared to before optimization of the method, as shown in Table 3 . The LOD of the method was established as a signal-to-noise ratio of 3, and the LOQ was determined as a ratio of 10. Take into account the reference values of MOCs, the results indicate that the developed PT method has a satisfactory sensitivity for the determination of MOCs in water samples. The upper limit for the sample loading capacity for MOCs was more than 1000 μg L -1 and linear calibration curves were obtained from LOQ levels with the coefficient of detection Sample volume: 20 mL, Concentration of NaCl: 25%, Purge temperature: 24 C, n = 5. Fig. 3 Effect of the purge temperature on the purging efficiency. (r 2 ) being more than 0.997. The relative standard deviations of the peak area for the analytes (10 and 50 ng L -1 ) using one extraction needle (n = 5) were less than 7.0%.
The extraction efficiency of the extraction needle was evaluated using a standard aqueous sample containing 50 ng L -1 of the analytes. The extraction efficiency was evaluated as follows: two identical extraction needles were connected in tandem, and the extraction was carried out, where headspace gas was introduced from the first extraction needle. After dry purging both extraction needles, each needle was separately transferred to the GC-MS, and the extracted analytes in each needle were analyzed. The extraction efficiencies for MOCs by the triple-layer-type extraction needle were more than 99.9%. The peak areas of the analytes in aqueous standard samples were compared for two types of extraction needles: one packed with DVB, Shincarbon ST, and CMS, and one with DVB only. The results indicate no significant differences between these extraction needles, which indicates that MOCs were extracted on the DVB section of the triple-layer-type extraction needle. The latter packed section having higher extraction power could be useful for the extraction of more volatile organic compounds that potentially exist in tap water samples. In order to confirm the advantageous feature of the triple-layer-type needle, the extraction of the VOCs having a more volatility is also investigated in the analysis of tap water samples, as mentioned later.
A possible breakthrough of analytes during dry purging was also evaluated as follows. After extraction of the headspace gas of the aqueous sample by the triple-layer-type extraction needle, another fresh extraction needle was attached to the extracted needle in series. Then, N2 gas was introduced form the tip of the first extraction needle (containing the extracted analytes), and each needle was analyzed separately. Because no analytes were detected on the second extraction needle, it was confirmed that there was no breakthrough of the analytes during the dry purging process.
The desorption efficiency was calculated on the basis of the ratios of the peak areas obtained in the first desorption to the total of the peak areas obtained in the first and second desorptions. On the second desorption, no analytes were detected. This result clearly suggested that all of the extracted analytes were completely desorbed on the first desorption without any carry over. It should also be noted that the extraction needle can be used more than 100 times, without a significant decrease in the extraction and desorption efficiencies.
Application of the method
The applicability of the developed method was confirmed. Before investigating the recovery from the tap water, the contents of 2-MIB and geosmin in five different tap water samples were confirmed; no analytes were detected for all of the investigated tap water samples. Then, the extraction recovery of MOCs from the tap-water sample was confirmed on the basis of the analysis of a spiked tap water sample (50 ng L -1 ) using a calibration curve that was prepared with standard samples. The quantified results of both 2-MIB and geosmin were 51.5 and 51.2 ng L -1 (n = 5), respectively, where the recoveries for both compounds corresponded to 103 and 102%, respectively. The RSDs of the MOCs in spiked tap-water samples were also less than 7.0%.
Finally, the method was applied to the simultaneous extraction and determination of MOCs and other VOCs spiked into tapwater samples. A typical chromatogram for the determination of a tap-water sample spiked with MOCs at a concentration of 10 ng L -1 is shown in Fig. 4 . For the determination of several VOCs that might be detected in tap-water samples, the first part of the chromatogram (0 to 6 min) was monitored by the TIM mode. In this PT method, typical VOCs were successfully quantified at below a concentration of 1/10 of the respective reference values in the TIM mode. 23 The second part of the chromatogram (6 to 10 min) was monitored by the SIM mode for sensitive determinations of MOCs.
The developed method was further improved by introducing the mode-switching technique, from TIM to SIM, allowing simultaneous determinations of both MOCs and other VOCs that are typically found in tap-water. Because many VOCs could potentially exist in tap-water samples, simultaneous determinations of typical VOCs and MOCs by a single extraction needle is one of the advantages of the triple-layer-type extraction needle. This system also showed a good sensitivity for the determination of typical odor compounds.
Conclusions
A novel, simple, and sensitive analytical method for the determination of MOCs in water samples has been developed on the basis of PT analysis using a needle-type extraction device. The LODs for 2-MIB and geosmin were 1.0 and 0.5 ng L -1 , respectively. The applicability of the method for real tap-water samples was also confirmed, and the simultaneous determination of MOCs and other VOCs was established. The PT method using a needle-type extraction device is a simple and sensitive analytical method for several VOCs in aqueous samples. This method allows a relatively shorter extraction time with a satisfactory sensitivity compared with other extraction techniques. The developed PT method might be further applied to the determination of VVOCs 20 or several odor compounds in aqueous samples. 24 
